A misunderstanding of entangled states has spawned decades of concern about quantum measurements and a plethora of quantum interpretations. The "measurement state" or "Schrodinger's cat state" of a superposed quantum system and its detector is nonlocally entangled, suggesting that we turn to nonlocality experiments for insight into measurements. By studying the full range of superposition phases, these experiments show precisely what the measurement state does and does not superpose. These experiments reveal that the measurement state is not, as had been supposed, a paradoxical superposition of detector states. It is instead a nonparadoxical superposition of two correlations between detector states and system states. In this way, the experimental results resolve the problem of definite outcomes ("Schrodinger's cat"), leading to a resolution of the measurement problem. However, this argument does not yet resolve the measurement problem because it is based on the results of experiments, while measurement is a theoretical problem: How can standard quantum theory explain the definite outcomes seen experimentally? Thus, we summarize the nonlocality experiments' supporting theory, which rigorously predicts the experimental results directly from optical paths. Several previous theoretical analyses of the measurement problem have relied on the reduced density operators derived from the measurement state, but these solutions have been rejected due to criticism of reduced density operators. Because it avoids reduced density operators, the optical-path analysis is immune to such criticism.
Introduction
Beginning at least with John von Neumann's 1932 analysis of quantum foundations, [1] countless scientists have pondered the measurement problem: how can we reconcile the collapse of the quantum state that occurs at measurements with the smooth evolution predicted between measurements? As a familiar example, consider the double-slit experiment: An electron approaches a partition containing two narrow adjacent parallel slits, passes through the slits, and impacts a viewing screen. In an ensemble of trials, individual impacts appear all over the screen, arranged into the familiar barred pattern indicating interference. Since this pattern persists even when the electrons pass through one at a time, we conclude that each electron passes through both slits and "then interferes only with itself." [2, 3] How can we reconcile this extended pattern with the small impact of each electron on the screen? If we now introduce a which-path detector at the slits, we find that the instant the detector switches on, the pattern on the screen jumps into a noninterfering mixture of the two patterns formed when only one or the other slit is open. The which-path measurement caused the superposition over both slits to collapse to a mixture of two single-slit patterns. How shall we explain this collapse?
Physicists agree that, for non-relativistic systems, Schrodinger's equation describes the evolution of quantum states between measurements. But there is no agreement on how the Schrodinger equation or any other unitary evolution provides a correct description of measurements. This is not acceptable. Since measuring devices are made of atoms that obey quantum physics, why should some other rule apply only during measurements? This is the measurement problem. This paper resolves the measurement problem using standard quantum physics, where "standard" means no additional mechanisms such as hidden variables or spontaneous collapse and no specialized interpretations such as many worlds or a role for human minds. It has taken nearly a century to resolve the measurement problem because, as discussed in Section 2, any such solution must involve quantum nonlocality; but nonlocality was not broadly accepted until recently. This paper is the first analysis of quantum measurements to take full advantage of our understanding of nonlocality. [4] Section 3 poses the measurement problem mathematically. It presents the entangled "measurement state" obtained when a macroscopic detector B measures the state of a quantum system A that is in a superposition relative to the basis defined by B. Such entangled states are known to have nonlocal properties. [5, 6] But the measurement state appears at first sight to entail superposition of two macroscopically different states of B--an absurd conclusion analogous to a cat that is both dead and alive. This conundrum is the crux of the measurement problem. The remainder of the paper investigates the measurement state.
Our solution of the measurement problem revolves around one technical point that emerges from nonlocality experiments: In a simple superposition (|A1> + |A2>)/√2
(1) of a quantum system A, A is in both states |A1> and |A2> simultaneously. But in an entangled state |AB> = (|A1>|B1>+|A2>|B2>)/√2 (2) of two subsystems A and B, we will see that neither subsystem is in a superposition. Instead, in the state (2) , two statistical correlations between A and B exist simultaneously. Thus (2) means merely that |A1> and |B1> are statistically correlated, and |A2> and |B2> are also statistically correlated. This is not paradoxical.
We demonstrate this experimentally in Section 4 by an Aspect-type nonlocality experiment involving momentum-entangled (rather than polarizationentangled as in Aspect's experiment) photons, an experiment we will call the "RTO experiments." A key feature of such experimental tests of nonlocality is that they make measurements of two systems A and B in the entangled state |AB> over a range of nonlocal phases, a flexibility that provides significant insight into measurements. In quantum measurements, the phase is fixed at zero for perfectly correlated outcomes. Study of |AB> over the full range of phases 0 to π, as is done in the RTO experiments, reveals precisely what |AB> does and doesn't superpose. This in turn shows |AB> is neither a superposition of states of A nor a superposition of states of B, but a superposition of statistical correlations between states of A and states of B. |AB> entails that |A1> and |B1> are nonlocally correlated, and |A2> and |B2> are nonlocally correlated, while A and B individually are in phase-independent "local mixtures" (a term to be defined below) that imply precisely one outcome occurs for A and one for B, while the entanglement guarantees the proper correlations. This is not paradoxical, not even if B is a macroscopic detector.
In terms of Schrodinger's iconic example, [7] the RTO experiments show that in the entangled state, an alive cat and a dead cat are not superposed. The entangled state superposes only a correlation between an undecayed nucleus and a living cat with a correlation between a decayed nucleus and a dead cat. In other words: in the state |AB>, both correlations are true. This is not paradoxical.
Section 5 shows the following: first, RTO's experimental results resolve the problem of indefinite outcomes of measurements; second, the entangled measurement state is not a paradoxical superposition of the detector; third, the complete solution of the measurement problem follows. Thus, the results of the RTO experiments imply a complete solution of the measurement problem.
But this does not yet resolve the measurement problem because the argument of Section 5 proceeds from the results of the RTO experiments, and the measurement problem is a theoretical, rather than experimental, conundrum. This problem is: Does standard quantum theory predict the single, definite outcome seen in a real measurement? Numerous analysts have presumed the measurement state (2) does not predict such an outcome. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Section 6 tackles this question. Previous theoretical analyses of measurement have proceeded by forming the pure-state projection operator for the measurement state (2) and tracing it over one subsystem in order to derive the "reduced density operator" for the other subsystem. This provides two reduced density operators that appear to be non-paradoxical and just what we want. But this apparent solution has been rejected because of technical objections to the reduced density operators, objections such as "basis ambiguity" and "improper density operators." [18] These objections have caused scientists to reject this approach. However, the RTO experiments have been analyzed using quantum optics methods that are immune to this criticism because they do not rely on reduced density operators. Such analysis shows standard quantum theory does indeed correctly predict RTO's experimental results. Thus, the RTO experiments allow us to conclude that standard quantum theory correctly predicts the results of quantum measurements.
Summarizing: The logic of this paper is that Sections 3, 4, 5 show RTO's experimental results lead to resolution of the measurement problem, and Section 6 shows that standard quantum physics predicts RTO's experiment results.
Section 7 summarizes the conclusions.
Nonlocality is inherent in measurements
Albert Einstein was the first to recognize the importance of nonlocality to quantum measurements, although the terms "nonlocality" and "quantum measurement" were not coined until later. In a comment at the 1927 Solvay Conference, Einstein noted that quantum measurement requires instantaneous action-at-a-distance. [19, 20] He began his comment by considering a single electron passing through a small hole in a partition. Schrodinger's equation predicts the wave function diffracts broadly while approaching a distant viewing screen which Einstein assumed was hemispherical so the wave function would reach the entire screen simultaneously. But the electron then strikes at one small place on the screen. Einstein's written version states:
The scattered wave moving towards [the viewing screen] does not present any preferred direction. If psi-squared were simply considered as the probability that a definite particle is situated at a certain place at a definite instant, it might happen that one and the same elementary process would act at two or more places of the screen. But the interpretation, according to which psi-squared expresses the probability that this particle is situated at a certain place, presupposes a very particular mechanism of action at a distance. [19] Prior to reaching the screen, the electron wave function spreads so the electron could possibly impact anyplace on the screen. But when the impact occurs at some point x, the status of every other point y must instantly switch from "possible impact point" to "impossible impact point." Instantaneous correlations must therefore exist between all points on the screen. Although Einstein thought (incorrectly) that special relativity prohibits this, we will see that the entangled (hence nonlocal) measurement state (2) resolves it within standard quantum physics.
In 1932, von Neumann showed quantum measurement entails entanglement (although he did not use this term) between the measured quantum object and its detector [1] . von Neumann did not then know about nonlocality, but today we know all entangled pure states exhibit nonlocal characteristics. [5, 6] Five years later, Schrodinger described a now-famous cat that appeared, as a consequence of the cat's employment as the measuring device in an experiment to detect the state of decay of a radioactive nucleus, to be theoretically in a quantum superposition of being both alive and dead. [7] The cat was stuck in an entangled state which appeared to describe a cat that was neither alive nor dead but instead both alive and dead. The problem was that the cat's state should collapse into either an alive cat indicating an undecayed nucleus, or a dead cat indicating a decayed nucleus. This is the measurement problem, now expressed in the mathematical format of a measurement experiment. In this form, the problem is also known as the "problem of indefinite outcomes." Entanglement (nonlocality) is ubiquitous in quantum physics and essential to quantum measurements. In 1935, Schrodinger wrote Einstein a letter introducing entanglement. Schrodinger used the German word "Verschraenkung," which he translated as "entanglement," to describe the correlations between two quantum systems that interact and then separate. Schrodinger stated: "I would not call [entanglement] one but rather the characteristic trait of quantum mechanics, the one that enforces its entire departure from classical lines of thought." [21] Entanglement and nonlocality were not at all understood until John Bell's work in 1964 showing that entangled states entail instantaneous nonlocal action at a distance. [22] . Even after Bell's work, and confirming experiments by John Clauser [23] and Alain Aspect [24] , there was no consensus. Not until 2015, when three loophole-closing experiments appeared, [25] [26] [27] did physicists reach a consensus that entanglement entails nonlocal action.
Thus, 5 years prior to von Neumann's analysis of measurement and 37 years prior to the earliest understanding of nonlocality [22] , Einstein understood that quantum measurement implies instantaneous nonlocal correlations across macroscopic distances. Today we call Einstein's nonlocal process "wave function collapse." Einstein's point shows that collapse is fundamentally nonlocal. If quantum states really do collapse, then Einstein's argument shows that any analysis of measurement must incorporate nonlocal processes. The entangled and hence nonlocal measurement state |AB> confirms this conclusion. The connection between measurement and nonlocality turns out to be the key to resolving the measurement problem.
Posing the measurement problem
John von Neumann [1] was the first to analyze quantum measurements. As recounted in standard reference works [18] , a quantum measurement begins with a quantum system A (whose states I will assume for simplicity to be described in a two-dimensional Hilbert space) in the superposition (1). The basis states |Aj> (j=1,2) are assumed to be orthonormal and defined by some macroscopic measuring device B designed to detect the states |Aj>. For example, A might be an electron passing through a double-slit experiment and B a which-slit detector. Such a whichpath determination is termed a "measurement," although "detection" would be more accurate. In order to make such a measurement, B must distinguish between the |Aj>, so it must itself have macroscopically different quantum states |Bj> such that, if A is in |Aj>, then measurement by B must yield the corresponding |Bj>. Assuming, additionally, that the measurement is "minimally disturbing" and thus leaves the two eigenstates unaltered, a measurement of |Aj> can be represented by the evolution
where |ready> represents the state of B just prior to measurement. Thus, when B measures the superposed state (1), linearity of the time evolution implies the measurement process is
i.e. when A in the superposition (1) is measured by B, the composite system AB evolves into the measurement state |AB> of Eq. (2). However, analysts and textbooks have for decades assumed |AB> describes a detector that is simultaneously in two macroscopically different states |B1> and |B2>. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Such a prediction of a superposed or "indefinite" outcome of measurements--Schrodinger [7] referred to a "living and dead cat (pardon the expression) smeared out in equal parts"--would indeed be paradoxical, a conundrum known as the problem of indefinite outcomes. But is it true that |AB> represents the same kind of superposition of quantum states as the simple superposition (1), where a dyad such as |A1> |B1> represents a situation in which A is in |A1> and B is in |B1>? If the answer is "yes" then (2) does indeed represent an absurd situation: A nucleus that is both undecayed and decayed together with a cat that is both alive and dead. However, we will find in Section 4 that the answer is "no." According to experiment and rigorous quantum theory, the measurement state |AB> represents the following situation: A is in \A1> if and only if B is in |B1> AND A is in \A2> if and only if B is in |B2>, where "AND" represents the superposition. This is not paradoxical. It's just what we want.
The RTO experiments: What do entangled states superpose?
Here we study |AB> in a broader context. For reliable measurements, the detector must be perfectly correlated with the state of the measured quantum object. This occurs when the phase of the superposition |AB> is zero. But to understand |AB>, we surely need to know its properties at other phase angles. Such understanding is precisely the purpose of nonlocality experiments on entangled photon pairs, beginning with those of Clauser and Aspect. In these experiments, both subsystems are microscopic, allowing the experimenter to vary the phase of their entangled state |AB> over the full range 0 to π. We will find that, depending on the phase setting, the entangled state |AB> can have any degree of correlation from 100% (perfect correlation between |Aj> and |Bj>), to 0% (no correlation) and down to negative 100% (perfect anti-correlation). That is, we will find that the phase of the superposition |AB> controls the degree of correlation between A and B, from 100% positive correlation at 0 phase, to zero correlation at phase π/2, to 100% negative correlation at phase π (equivalent to replacing the plus sign in (2) with a minus sign). This Section studies a particularly appropriate photon-entanglement experiment.
We begin with a simpler superposition experiment: the interferometer set-up of Figure 1 , exemplifying the non-entangled superposition (1). One photon enters a beam splitter BS1 and reflects along path 1 while transmitting along path 2. Mirrors M reunite the "beams," phase shifters f1 and f2 vary the two path lengths and thus change the phases along each path by angles f1 and f2 respectively (we use the same symbol for the phase shifters and for the angles), a second optional beam splitter BS2 mixes the beams at the intersection, and the photon is detected at B1/B2. Over many trials, as f2-f1 varies smoothly from 0 to π/2 to π, outcome probabilities vary smoothly from 100% B1 and 0% B2, to 50% B1 and 50% B2, and finally to 0% B1 and 100% B2. Since this interference depends only on the difference f2-f1 between the two phase shifts, each photon must travel both paths and each photon's state is a coherent (phase-dependent) superposition of both paths. Turning to the entangled state (2): two independent groups, Rarity and Tapster and also Ou, Zou, Wang, and Mandel, reported in 1990 on interferometer experiments using two entangled photons to study the state |AB>. [28] [29] [30] In these "RTO" experiments ( Figure 2 ), the source creates photon pairs A, B in the pure state |AB>. Each pair is in a superposition of moving outward along the solid path and also outward along the dashed path. Thus A moves along two paths to detectors A1/A2 while B moves along two other paths to detectors B1/B2.
As we proceed through an analysis of the RTO experiments, keep in mind that they study the same entangled state |AB>, Eq. (2), that one obtains upon measurement. But there are two differences between a measurement and the RTO experiments: First, in a measurement, A is an arbitrary quantum system and B is a macroscopic detector; in the RTO experiments, both A and B are photons. Second, in a measurement, the entangled state |AB> maintains a fixed phase equal to zero, in order to obtain perfectly correlated measurements; in the RTO experiments, the phase is allowed to vary from 0 to π. As we shall see, these phase variations are the key to understanding the measurement state.
The RTO experiments amount to two back-to-back interferometer experiments, each similar to Figure 1 , with photons that have been previously entangled, with BS1 effectively located inside the source. It's fruitful to regard the composite system AB as a single "bi-photon," a unified quantum object superposed along the solid and dashed paths. Phase shifters fA and fB vary the phase of each photon. Each photon encounters a beam splitter BS that mixes the photon's two beams before detection. The experiment is a study of the measurement state |AB> with continuously variable phases. At zero phase, each photon "measures" the other. The entanglement changes everything. Neither photon exhibits the properties described above in connection with the single-photon experiment of Figure 1 . Strikingly, both pairs of detectors register phase-independent 50-50 mixtures we will call "local mixtures." Thus, unlike the photon of Fig. 1 , neither photon interferes with itself despite following both paths and being mixed by beam splitters before detection! Note however that neither photon is really in a mixed state, because the overall state of the composite system is the pure state |AB>. We call these incoherent single-photon states local mixtures (they are often inappropriately called "improper mixtures") [18] because, when A is measured at detectors A1/A2, it appears (to a "local observer" who observes A1/A2 while not observing B1/B2) to be in a 50-50 mixture. That is, a local mixture is part of a pure state that appears, from the "local" point of view, to be a mixture even though the "global" system AB is in a pure state. A local mixture is an "apparent mixture" that is, in reality, just one part of a larger pure state.
The main experimental result is shown in Figure 3 , a graph of the "degree of correlation," a term which will for now be defined only qualitatively as the degree to which the outcome at one detection station (either A1/A2 or B1/B2) can be predicted from the result at the other station (see Section 6 for the quantitative definition). We further specify "positive correlations" as outcomes in which the results at the two stations are more likely to be "the same" (either A1 and B1, or A2 and B2) than "different" (either A1 and B2, or A2 and B1), and "negative correlations" as outcomes in which the results are more likely to be different than the same. Perfect positive correlations have a degree of correlation of 100% or +1, and perfect negative correlations have a degree of correlation of -1. Figure 3 shows that, as the nonlocal phase fB-fA varies from 0 to π, the correlations between A and B vary over the full range of possible correlations. Even without Bell's theorem, [22] the nonlocality is obvious. For example, the correlation is perfect at zero phase (where it happens that Bell's theorem does not actually guarantee non-local action). 2 How can the two outcomes, at A1/A2 and at B1/B2, agree perfectly (either A1 and B1, or A2 and B2) across an arbitrary distance despite the presence of beam splitters that mix both photons just prior to detection? It's as though fair coins were flipped at both stations and the outcomes always agreed! To understand the implications of RTO's results for the measurement problem, Table 1 compares outcomes of the simple single-photon superposition (Figure 1 ) with those of the entangled bi-photon superposition (Figure 2 ), at five phase angles. Column 2 shows the single photon interferes with itself and is hence a coherent (phase-dependent), highly-unified object. In contrast, column 4 shows the entangled photons do not interfere with themselves: Individually they are not coherent objects. Even though each photon follows two paths and these paths are mixed by beam splitters, they cannot interfere with themselves because entanglement has deprived them of their phase. This results in 50-50 phaseindependent mixtures. Indeed, it's not hard to show directly that, when a composite system AB is in the entangled state |AB>, neither subsystem can be in any kind of superposition c1|A1> + c2|A2> (c1≠0 and c2≠0). [31] Table 1 . Comparison of a simple superposition ( Fig. 1) with an entangled superposition (Fig. 2) . In Fig. 1 , the single photon's measured state varies with phase. In Fig. 2 , entanglement decoheres both photons and only the correlation between the photons varies with phase.
Simple superposition Entangled superposition of two sub-systems f2-f1
State of photon fB-fA State of each photon Correlation between photons 0 100% 1, 0% 2 0 50-50 1 or 2 100% corr, 0% anticorr π/4 71% 1, 29% 2 π/4 50-50 1 or 2 71% corr, 29% anticorr π/2 50% 1, 50%2 π/2 50-50 1 or 2 50% corr, 50% anticorr 3π/4 29% 1, 71% 2 3π/4 50-50 1 or 2 29% corr, 71% anticorr π 0% 1, 100% 2 π 50-50 1 or 2 0% corr, 100% anticorr Thus, when a superposed system A entangles with another system B to form the state |AB>, A's state loses its coherence and becomes a phase-independent local mixture. Nature has good reason for this: Any phase dependence could be used to establish an instant communication channel from A to B: A steady stream of entangled photons sent from the source would enable any change in B's phase shifter to show up instantly at A1/A2 as a phase change. To prevent this, photon A must show no individual phase dependence.
We can conclude from Table 1 that entanglement of A and B creates coherence in the composite system AB, in the sense that correlations between subsystem outcomes (column 5), rather than individual subsystem outcomes (column 4), vary coherently with the nonlocal phase. The nonlocal phase fB-fA controls the degree of correlation between subsystems. That is, (1) is a coherent superposition of states (A's state varies from |A1> at 0 phase to |A2> at π), while (2) is a coherent superposition of correlations between states of A and B (the correlation varies from +1 at 0 phase to -1 at π). We will refer to this situation as a "superposition of correlations," a term that can be contrasted with a "superposition of states" as in the experiment of Figure 1 . For example, at zero phase (the measurement situation) |A1> is perfectly correlated with |B1> AND |A2> is perfectly correlated with |B2>, where "AND" indicates the superposition.
Coherence (the ability of an object to interfere with itself) has shifted from A to AB. Put another way, the entanglement "decoheres" A while "cohering" AB. Thus |AB> does not represent a superposition of states of either subsystem. It also does not represent a superposition of states of the composite system AB, i.e. it does not represent a superposition of an alive cat, a non-decayed nucleus, a dead cat, and a decayed nucleus.
To summarize: The RTO experiments demonstrate that the entangled state |AB> is a situation in which two statistical correlations are simultaneously true and in which the subsystems have no individual phase dependence. Thus, |AB> is not a paradoxical superposition even if one subsystem is macroscopic. In fact, it's not paradoxical even if both subsystems are macroscopic, as has been demonstrated. [32] 
The RTO results provide the solution of the measurement problem
We now return to the measurement situation where A is a superposed quantum object, B a macroscopic device that measures A, and the phase of the measurement state |AB> is fixed at zero. We will find that the results of the RTO experiments lead to a straightforward solution of the measurement problem. Specifically, we will show that RTO's experimental conclusions predict single, definite, non-superposed, but still indeterminate, outcomes of measurement. A straightforward argument involving the second law of thermodynamics then shows that this microscopic definite outcome becomes determinate and irreversible when amplified to the macroscopic level.
This might appear to solve the measurement problem but it does not because measurement is an issue for quantum theory, not quantum experiments. After all, physicists know that real measurements do not leave the detector in a superposition of macroscopically distinct states. Single definite non-superposed outcomes are always observed experimentally. The problem is that quantum theory (especially the measurement state (2)) appears to predict indefinite outcomes. Can quantum theory explain how the measurement state (2) leads to definite non-superposed outcomes of measurements and hence to a solution of the measurement problem? The answer is "yes." This Section will show that RTO's experimental results predict single definite irreversible outcomes of measurements, and Section 6 will then show that RTO's results are predicted by standard quantum theory.
The RTO experiments' results ( Table 1 ) inform us that, in the measurement situation where B is a detector and the phase of |AB> is fixed at zero, |AB> has the following characteristics:
At station A1/A2 either A1 or A2 occurs and the other outcome does not occur, and at station B1/B2 either B1 or B2 occurs and the other outcome does not occur; furthermore, |Aj> is nonlocally perfectly correlated with |Bj> (j=1,2).
So on each trial, A registers at either A1 or A2 (not both) with 50-50 probabilities, B registers at either B1 or B2 (not both) with 50-50 probabilities, and these outcomes are perfectly positively correlated. Thus there is a single definite outcome of the measurement, either A1/B1 or A2/B2 with 50-50 probabilities. This is precisely what we want.
The measurement problem involves more than this "problem of definite outcomes" because the measurement state (2) is a pure state and hence unitary evolution can reverse it and recover the non-entangled pre-measurement situation, while measurements must provide permanent, hence irreversible, macroscopic outcomes. This is more a thermodynamic than a quantum issue.
Consider a typical measurement example: the simple interferometer experiment of Figure 1 but with BS2 now removed so B1/B2 becomes a which-path detector of the superposed photon A. After passing through BS1, the photon is in the superposition (1) . Approaching the detector along both paths, the photon entangles with B1/B2 in a unitary von Neumann measurement process [1, 18] that converts the superposition into the measurement state |AB>. At the instant of entanglement, correlations form between A and B, these sub-systems jump into local mixtures, and the composite system jumps into the coherently-correlated state |AB>. That is, coherence jumps from A to AB while the subsystems lose their coherence, jumping into local mixtures. All of this is confirmed by the RTO experiments. This is the collapse, and it occurs instantaneously throughout the composite system at the time of entanglement. At the instant of entanglement, the collapse is entirely microscopic--no amplification has yet occurred and the detector B has not yet recorded a permanent record.
Thus, when the photon interacts with the detector to create the entangled state |AB>, a single microscopic definite outcome |A1>|B1> or |A2>|B2> occurs at photon A and within the detector B (but without amplification as yet), with the proper correlations, and the other outcome simultaneously does not occur, resolving the issue Einstein raised at Solvay 1927: The measurement process must embody a mechanism ensuring that, when one correlated pair (A1/B1 for example) occurs, the other pair simultaneously (i.e. nonlocally) does not occur. Entanglement's nonlocal properties ensure this. This is why measurement must have nonlocal properties.
At the instant of entanglement, coherence jumps from the photon's local state (1) to the composite system's entangled global state (2) . States of A no longer interfere with themselves and coherence is transferred to the correlations between states of A and states of B. This transfer of coherence from one pure state to another pure state maintains the unitary nature of the measurement process.
Continuing our measurement example: If B is a typical photon detector, the interaction of A with B excites a single electron in either detector B1 or B2 that triggers a many-electron avalanche that eventually amplifies the detection process to the macroscopic level. Despite the fact that every step in this process is unitary and reversible, this process cannot be reversed in practice because it involves an enormously complex macroscopic collection of quanta (electrons, photons, atoms) and is unique on each trial. Such microscopically in-principle-reversible processes that are for all practical purposes (FAPP) [9] irreversible can be described only statistically and are what the second law of thermodynamics is all about. Reconciling the second law with reversible but complex microscopic motion has been a problem for both classical and quantum systems since Boltzmann's day and there is little point in repeating that debate here. [33] In other words, at this point our task of explaining, on the basis of RTO's experimental results, how a single macroscopic outcome occurs is finished. It's worth repeating that the final "irreversible" result, which could be a pencil mark on a sheet of paper, is not really irreversible. The universe is quantum, and all processes are ultimately unitary and reversible. The final result is merely FAPP irreversible.
What measurement outcomes does quantum theory predict?
Sections 3, 4, and 5 demonstrated that the results of the RTO experiments lead to a resolution of the measurement problem. In order to demonstrate that quantum theory entails a solution of the measurement problem, it remains to be shown that standard quantum theory predicts RTO's experimental results. As mentioned in the introduction, many suggested approaches to solving the measurement problem have proceeded as follows: Form the pure-state projection operator |AB><AB| for the measurement state (2) , and trace this operator over each subsystem in order to derive the following "reduced density operators" for the other subsystem: [34] [35] [36] [37] [38] [39] rA = (|A1><A1| + |A2><A2|)/2 (6) rB = (|B1><B1| + |B2><B2|)/2. (7) At first sight, these appear to be just what we want: mixtures predicting A is in state |Aj> (j=1, 2) with 50% probability, and similarly for B. But (6) and (7) provoke criticisms: [18] First, "mixtures" are traditionally defined to arise from ignorance of the precise quantum state of the system. Since (6) and (7) are not such "ignorance mixtures" but are instead obtained from reduction of the known pure state (2), they are dismissed as "improper mixtures." Second, rA is simply IA/2 where IA is the identity operator in A's subspace, so rA's basis (its eigenvectors) is arbitrary, and similarly for B. For example, judging from the operator (6) alone, A could as well be in a mixture of any other basis set such as (|A1> ± |A2>)/√2. This is called "basis ambiguity." For such reasons, the reduced density operator approach to solving the measurement problem within standard quantum physics is widely rejected.
Thus, this paper avoids reduced density operators and takes an alternative approach. As noted, the remaining problem is to explain how standard quantum theory predicts the RTO results shown in Table 1 . Michael Horne, Abner Shimony and Anton Zeilinger perform this task in a rigorous theoretical analysis of the RTO experiments. [40, 41] Their investigation, based on optical paths rather than states in Hilbert space, avoids the entire debate about reduced density operators. Their analysis provides considerable insight into the mechanism of entanglement.
Horne et al. calculate the probability amplitudes (whose absolute squares give probabilities) of each of the four outcome pairs (Ai , Bj) (i=1 ,2 and j=1, 2) . Consider, for example, the outcome (A1, B2). From Figure 2 , there are two contributions to this probability amplitude. One arises from the solid path, with photon A transmitted through its beam splitter and B reflected from its beam splitter; the other arises from the dashed path, with A reflected from its beam splitter and B transmitted through its 
where v is again a non-variable phase factor. Similarly,
where u is a non-variable phase factor, with similar expressions for P(A2, B1) and P(A2,B2). All four probabilities are sinusoidal in the non-local phase fB-fA. Thus the two-photon coincidence data predicts interference fringes involving A and B regardless of the distance between the two stations A1/A2 and B1/B2! To obtain a single-photon prediction such as P(A1), Horne et al. begin from P(A1) = P(A1, B1) + P(A1, B2).
This step sums over the outcomes of the other photon and is analogous to "tracing out" the density operator's dependence on the other photon. From (9) and (10), 
Thus the sinusoidal terms in (12) are π out of phase and cancel. We are left with P(A1) = 1/2 regardless of phase. This result arises from destructive interference between the two nonlocal sinusoidal contributions to (11) . Photon A has been deprived of its phase--"decohered" [18] --by nonlocal interference of two coherent contributions from the other photon! The result at all four stations is the same:
Note that (6) and (7) also imply the same phase-independent outcomes. Quoting Horne et al.: "What is extraordinary is that there are no one-particle interference fringes in this arrangement." [40] This of course is not simply "lucky." As mentioned in Section 4, it must be this way because special relativity prohibits changes in (for instance) B's phase shifter from showing up in A's single-photon state lest superluminal signals be sent from B to A. Thus the individual photons must show no phase dependence even though each photon is present on both paths toward that photon's beam splitter. Entanglement has shifted the "local coherence" of each photon with itself to the "global coherence" between the two subsystems. This is the highly non-local mechanism by which the local mixtures arise.
Quoting Horne et al.,
The quantum mechanical explanation for the absence of single-particle interference fringes is obtained by returning to the entangled state of [Eq. (2)] and inquiring what it implies about the state of particle A by itself and the state of particle B by itself.... Both can be described by the statistical or density operators [Eqs. (6) and (7)].... All predictions concerning particle A alone, neglecting correlations with particle B, can be obtained from [Eq. (6)]; ...and all predictions concerning particle B alone can be obtained from [Eq. (7)]. [40] Thus (6) and (7) are not only rigorously correct experimentally and theoretically, they are also central to understanding entanglement.
To obtain the coincidence predictions at (A1/A2) and (B1/B2) (Figure 3 ), Horne et al. proceed as follows: If one station observes outcome 1 while the other observes outcome 2, the results are said to be "different." Otherwise, the results are "the same." From (9), (10), and similar expressions for P(A2, B1) and P(A2, B2), one finds the probabilities P(the same) = P[(A1,B1) or (A2,B2)] = 1/2[1 + cos(fB -fA)] 
Thus the theoretically predicted "degree of correlation," defined as
is simply
as confirmed by the experiment (Fig. 3 and Table 1 column 5). Summarizing: A rigorous analysis that does not rely on reduced density operators correctly predicts RTO's experimental results and thus completes our solution of the measurement problem based on standard quantum physics.
Conclusion
Many previous attempts to solve the measurement problem begin from the entangled measurement state obtained when a superposed quantum system interacts with a detector. Predictions for both subsystems are then obtained by tracing the measurement state's density operator over each subsystem. However, the resulting reduced density operators have met with theoretical objections. Thus this paper takes a different tack, suggested by the non-locality implicitly involved in all measurements. Experiments testing the non-local predictions of entangled states have been conducted since 1972. These experiments' great advantage for this analysis is that they test the measurement state over all phases, while in measurements this state's phase is fixed at zero. One of these experiments, dubbed the RTO experiments, [28, 29] is especially enlightening. We show RTO's experimental results entail resolution of the measurement problem. However, this does not yet solve the measurement problem because that problem is theoretical, not experimental. Thus we must show standard quantum theory implies RTO's experimental results. Horne et al. [40, 41] have done this for us by predicting theoretically the RTO results using optical path methods, thus avoiding reduced density operators.
RTO's results shows that the entangled measurement state is not, as had been previously supposed by many analysts and textbooks, a paradoxical macroscopic superposition of different detector states, but rather a non-paradoxical "superposition of correlations." That is, (|A1>|B1>+|A2>|B2>)/√2 is neither a superposition the detector B nor of the detected quantum system A, but instead a superposition of correlations between A's states and B's states. Thus we can read the measurement state (where the phase is set to zero) as "A is in |A1> if and only if B is in |B1>, AND A is in |A2> if and only if B is in |B2>." The word "AND" indicates the superposition. This is not paradoxical.
The RTO experiments and supporting theory demonstrate that entanglement transfers the coherence of subsystems to correlations between subsystems. This leaves the sub-systems in phase-independent 50-50 mixtures and the composite system in a nonlocal superposition of correlations. This is why the entangled measurement state does not entail superpositions of its subsystems. This resolves the problem of definite outcomes: Schrodinger's cat is not dead and alive, it is dead or alive.
All quantum measurements are initiated by entanglement. When a superposed 2-state system is measured, it entangles unitarily with its macroscopic detector. This instantly transforms the pre-measurement "ready" states of the system and its detector into the measurement state while transforming each subsystem into decohered local mixtures having definite outcomes and the desired correlations. Thus one outcome occurs while the other outcome simultaneously doesn't occur and the correlations for which the detector was designed occur. The entire collapse process is unitary. The single outcome that occurs is then amplified and an irreversible macroscopic mark is registered. The amplification involves numerous microscopic processes that are individually unitary and reversible that, cumulatively, are for-all-practical-purposes irreversible. This resolves the measurement problem.
This solution has been "hiding in plain sight" for decades. A key point missing in previous analyses is the nonlocal character of measurement. The delay in resolving the measurement problem is largely attributable to the long time it took physicists to discover, understand, and come to a consensus about nonlocality.
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